ABSTRACT Complementary DNA, transcribed in vitro from purified rabbit globin messenger RNA and made doublestranded, has been inserted into Escherichia coli plasmids pSC101 and pMB9 by the poly(dT)/poly(dA) "tailing" and annealing technique. E. colt transformants given by this DNA preparation have been shown to contain globin sequences by the hybridization of globin RNA to DNA from clones wn and lysed in situ on nitroceliulose filters. An 
ABSTRACT Complementary DNA, transcribed in vitro from purified rabbit globin messenger RNA and made doublestranded, has been inserted into Escherichia coli plasmids pSC101 and pMB9 by the poly(dT)/poly(dA) "tailing" and annealing technique. E. colt transformants given by this DNA preparation have been shown to contain globin sequences by the hybridization of globin RNA to DNA from clones wn and lysed in situ on nitroceliulose filters. An estimate of thamount of inserted globin sequences has been provided by fingerprint analysis of globin mRNA sequences hybridized to the purified plasmid chimeras. Inserted sequences so far subjected to detailed analysis have been ascribed to the rabbit beta globin chain. The susceptibility of inserted beta globin sequences to the restriction endonuclease EcoPd confirms the existence of a site already found through previous nucleotide sequence analysis.
The recent exciting advances in recombinant DNA cloning technology (1-3) encouraged us to undertake the development of methods for the conversion of polyadenylylated messenger RNA into double-stranded DNA which could then be inserted into bacterial plasmids and cloned. This would provide large quantities of pure structural gene sequences in the form of duplex DNA, permitting the facile application of new rapid sequence techniques employing restriction endonucleases. In addition, cloned mRNA sequences in recombinant plasmids would provide specific probes for selecting mRNA and the nuclear RNA precursors to mRNA, as well as for isolating structural genes together with adjacent sequences from eukaryotic DNA.
As summarized in recent review articles (4, 5) , we have been involved in the development of general methods for the sequence analysis of eukaryotic mRNAs with the immediate goal of elucidating the sequences of the rabbit globin messenger RNAs. In this report we describe our approach for the creation of bacterial plasmids containing inserted structural gene sequences for rabbit globin and present some preliminary characterization of the globin inserts by fingerprint analysis and restriction enzyme cleavages. The methods developed with rabbit globin mRNA should be generally applicable for (10) . Aspergillus nuclease S1 was purified by the methods of V. Vogt (11) . Bacteriophage lambda exonuclease (12) and restriction endonuclease EcoRI were provided by R. Firtel. Calf thymus deoxynucleotidyl terminal transferase (13) was prepared in the laboratory of R. L. Ratliff by J. Isaacson, C. Manske, and W. Salser.
E. coli RNA polymerase was a gift of R. Burgess (14) . E. coil K12 strains HB101 and C600 have been described (15, 16) , as has plasmid pSC101 (17) . Plasmid pMB9 was developed by M. C. Betlach and H. W. Boyer (personal communication).
Purification of mRNA. Rabbit globin mRNA was prepared by a new large-scale methodt from reticulocytes from phenylhydrazine-treated rabbits (18) . Polysomes were prepared from a post-nuclear supernatant and nuclear wash by magnesium precipitation (19 
RESULTS
The basic strategy by which globin cDNA was synthesized from the mRNA with AMV reverse transcriptase and made double-stranded with DNA polymerase I is shown in Fig. 1 In a later experiment utilizing the chloramphenicol-amplifiable plasmid pMB9 and the E. coli strain C600, the data in Table 2 Hybridization was for 16 hr at 65°in 0.5 ml of the RNA solution.
Filters were then treated with heat-treated RNase at 1 mg/ml in 0.30 M NaCl, 0.030 M sodium citrate, pH 7.0 (2X SS0) for 20 min at 37°a nd were washed again with 2X SSC. Elution of the hybridized RNA from the filters was as described by Barnes (25) , using iodoacetatetreated DNase. The eluent was passed with suction through another nitrocellulose membrane and precipitated in ethanol before digestion and fingerprinting as previously described (26 3 . Nucleotide sequences of T1 digestion fragments assigned to either the alpha or beta globin message by prior sequencing data (4, 26) are represented. Those fragments found in fingerprints of pHbl3 are indicated with a +; those absent, with a -; and those uncertain, with a ?. The extent of the globin insertion of pHbl4 is also indicated. Numbers under the lines refer to amino acids. (4, 26) . Control filters carrying pSC101 DNA showed no hybridization above background.
Examination of the fingerprint pattern shown in Fig. 2A suggests that this plasmid, pHbl3, carries most or all of the nucleotide sequences corresponding to the beta globin structural gene and untranslated region, since all of the spots already uniquely assigned to the beta chain by our previous sequencing work (4) and none of those assigned to the alpha chain are detectable. Secondary digestion of the spots with RNase U2 and/or RNase A confirmed the presence of 14 out of 19 possibly unique beta assignments, with the remaining five possible present; these five represent fragments that are not labeled when the radioactivity is introduced as [a-32P]CTP, as in this experiment, or fragments that occur as part of a complex mixture. Fig. 2B shows the beta globin RNA spots present and alpha spots absent in this fingerprint. Notice that spot 57 is present in low yield. This is expected, since the spot 57 oligonucleotide spans the EcoRI cleavage site mentioned above and EcoRI was used in this experiment to open the twisted circles of pHbl3 prior to denaturation. Thus, the spot 57 sequence should be protected little if at all from the RNase treatment. In a later experiment using Hin'dIII to open pHbl3, spot 57 appeared in high yield. Fig. 3 summarizes the beta globin sequences confirmed by this method to be carried by pHbl3. Thus, at least 420 nucleotides and possibly the entire beta globin mRNA sequence has been inserted into the plasmid. Since RNA sequences corresponding to the first 40 amino acids of the beta globin chain have not yet been assigned, it cannot be precisely determined how near to the 5'-end of the message the inserted sequences of pHbl3 approach. In contrast, Fig. 2C shows a fingerprint obtained from hybrid plasmid pHbl4. Here spots 52, 53, and 42 corresponding to beta globin amino acid residues 40 through 51 are absent, whereas spot 35 (corresponding to amino acid residues'55 through 60) and the other spots characteristic of beta chain sequences are present, suggesting that the inserted sequences'of this plasmid terminate somewhere in the region corresponding to beta globin amino acid residues 49-55. Both pHbl3 and pHb14 fingerprints contain spot 29, so the inserted sequences of both continue at least to within 44 nucleotides of the 3-end of the message, well into the untranslated region (the exact position of the spot 29 phoresis of a pHb23 Hae III digest paralleled by a parent pSC101 Hae III digest. Note the disappearance of a low-molecular-weight fragment from the pSC101 tract and the appearance of two larger fragments in the pHb23 tract. These new fragments must carry globin gene sequences, and in fact the larger of the two has been found to carry the inserted EcoRI site. Digestion of this fragment with EcoRI yields a 51-base-pair fragment which has now been completely sequenced using the Gilbert and Maxam technique (ref. 28 and J. Browne, P. Clarke, and W. Salser, manuscript in preparation). The sequence obtained agrees completely with the rabbit beta globin amino acid sequence from residue 120 (EcoRI site) through 138 (Hae III site). DISCUSSION The methods presented in this paper should be applicable to any polyadenylylated RNA;'in collaboration with others, we have since cloned sequences from immunoglobulin, chick globin, and ovalbumin mRNAs and total mRNA from Dictyostelium discoideum. Further, the ability to add poly(A) sequences in vitro to RNAs which are not normally polyadenylylated (29) makes the approach a truly general one. The method does not depend on a highly purified mRNA preparation; it is itself a powerful method of sequence purification since any one transformant should contain sequences originating from a single mRNA molecule. Thus, the technique can be applied to picking out a single message species from a mixL ture of mRNAs, assuming that there exists a suitable means of identifying the desired clones. Such purification should be especially useful in the study of developing tissues where one may wish to obtain pure probes for each of the different tissue-specific mRNAs present at any stage of development. Cloning should permit the developmental biologist to resolve complex mixtures of mRNAs or study minor mRNAs for which pure probes are otherwise unobtainable by any direct approach previously available.
We have compared the transformability of E. coli HB101 and C600 and have found that C600 generally gives about twenty-fold higher transformation efficiencies than HB101. In a typical experiment, 1 ,ug of tailed plasmid DNA was annealed to about 0.2 ,ug'of duplex globin DNA; we obtained several thousand transformants with E. coli C600.
Concurrent with our studies, several other laboratories have also cloned cDNA from rabbit globin mRNA. Maniatis et al. (6) using an approach similar to that reported here, have obtained high globin cDNA cloning efficiencies. Also using E. coli C600, but with substantially different experimental approaches, Rougeon et al. (7) and Rabbitts (8) We would like to thank T. Maniatis and A. Efstratiadis for helpful discussions and making available unpublished results, R. Firtel for gifts of phage lambda exonuclease and endonuclease RI, and R. Roberts and T. Maniatis for gifts of endonuclease Hae III and lambda exonu. clease. Special thanks go to Dr. R. L. Ratliff for providing advice, the hospitality of his laboratory, and help of all sorts during the preparation of the polynucleotide terminal transferase. This research was supported by USPHS Grants GM18586, CA15940, CA14868, and CA12800. W.S. is the recipient of USPHS Career Development Award GM70045. G.V.P. was supported by a Helen Hay Whitney Fellowship, and R.H. was supported by USPHS Grant CA09056.
